Phenylpropanoids, including diverse compounds, such as monolignols and hydroxycinnamic acids (HCAAs), are essential for land plants to protect them against abiotic stresses, and create physical and chemical barriers to pathogen infection. However, the control of production of these compounds in response to pathogens has been poorly understood. Previously we showed that a MAMP-(microbe-associated molecular pattern) responsive MAPK (mitogen-activated protein kinase) cascade (MKK4-MPK3/MPK6) comprehensively induced the expression of cinnamate/monolignol synthesis genes in rice cells. Here, we identified three MYB proteins, MYB30, MYB55 and MYB110, which are transcriptionally induced by MAMP treatment, MAPK activation and pathogen inoculation. Induced expression of these MYB genes systematically and specifically induced a large part of the genes encoding enzymes in the cinnamate/monolignol pathway. Furthermore, induced expression of the MYB genes caused accumulation of ferulic acid, one of the HCAAs, and enhanced resistance to both fungal and bacterial pathogens in planta. In conclusion, MYB30, MYB55 and MYB110 are involved in the signal pathway between MAMP perception and cinnamate/monolignol synthesis, and have important roles for plant immunity.
Introduction
Plants, especially cereal crops, are an important source of food for humans. Microbes also utilize plants as a source of energy, and several pathogenic microbes impair crop production. Rice (Oryza sativa) diseases such as fungal blast, caused by Pyricularia oryzae, and bacterial leaf blight, caused by Xanthomonas oryzae pv. oryzae (Xoo), cause significant yield losses and threaten rice supplies (Skamnioti and Gurr 2009) . To protect themselves from invading pathogens, plants have evolved a primary immune system known as microbeassociated molecular pattern (MAMP)-triggered immunity (MTI) .
Defense responses in MTI include many changes in gene expression, protein modifications and synthesis of secondary metabolites to inhibit pathogen invasion (Hahlbrock et al. 2003 , La Camera et al. 2004 , Jones and Dangl 2006 . For the initiation of MTI, each plant cell receives MAMPs as pathogen invasion signals, and this is immediately followed by the activation of defense signaling through protein interactions or post-translational modifications, including protein phosphorylation. Important factors in MTI signaling are mitogen-activated protein kinase (MAPK) cascades. In rice, MAPK kinase 4 (MKK4), MPK3 and MPK6 are activated in response to MAMPs, and induce expression of genes that are involved in the accumulation of secondary metabolites including phenylpropanoids and diterpenoids (Kishi-Kaboshi et al. 2010) .
The phenylpropanoids are one of the secondary metabolite families that are synthesized from phenylalanine, and consist of a diverse family of organic compounds including cinnamate, hydroxycinnamic acids (HCAAs) and hydroxycinnamyl alcohols (monolignols). They are essential secondary metabolites in plants, synthesized through the cinnamate/monolignol synthesis pathway, and are a major source of antimicrobial compounds (Newman et al. 2001 , Ishihara et al. 2008 , Naoumkina et al. 2010 , Vogt 2010 . Lignin is a complex large heterogeneous polymerized material, whose major constituents are monolignols, and confers mechanical strength to the cell wall. In rice, ferulic acid (FA), one of the HCAAs, is also important as a structural component which binds to lignin, polysaccharides and structural proteins of cell walls to cross-link these components, and reinforce the cell wall (see review by de Oliveira et al. 2015) . In addition, FA also has antimicrobial activity against Dekkara anomala and Fusarium graminearum (Harris et al. 2010 , Lanoue et al. 2010 . However, the regulatory mechanisms of the cinnamate/monolignol pathway, which leads to FA and lignin synthesis, in rice MTI are unclear.
Synthesis of cinnamate/monolignol pathway compounds is catalyzed by many biosynthetic enzymes whose activities are induced mostly at the transcriptional level (Dixon and Paiva 1995) . There have been many reports on the biosynthesis of cinnamate and monolignol compounds and the accumulation of these compounds in plant immunity responses (Matern and Kneusel 1988 , Bruce and West 1989 , Campbell and Ellis 1992 , Bhaskara Reddy et al. 1999 , Zabala et al. 2006 , Menden et al. 2007 . Several transcriptional regulators for cinnamate/monolignol pathway genes required for immunity in suspension-cultured cells or calli have been reported (Galis et al. 2006 , Shinya et al. 2007 ). However, very few regulators have been demonstrated to function in planta to date (Chezem et al. 2017) .
Activation of both the MAPK cascade and the cinnamate/ monolignol pathway by MAMP signals are widely known phenomena. We previously showed that expression of cinnamate/ monolignol pathway genes is induced by activation of the MAMP-responsive MAPK cascade, consisting of MKK4, MPK3 and MPK6. However, the signaling components that connect the MAPK cascade with the cinnamate/monolignol pathway are not well understood. In order to identify these components, we searched for transcription factors that activate the cinnamate/monolignol pathway genes. We demonstrate here that the MYB transcription factors MYB30, MYB55 and MYB110 can respond to MAMPs, activate most of the cinnamate/monolignol synthesis genes, lead to the accumulation of FA and confer resistance to both fungal and bacterial pathogens.
Results

MAPK-responsive cinnamate/monolignol synthesis genes contain conserved cis-elements
The starting material for the cinnamate/monolignol pathway is phenylalanine, which is synthesized via the shikimate pathway. We previously showed that expression of 37 shikimate synthesis and cinnamate/monolignol pathway genes is induced in a coordinated fashion in rice, downstream of the MAMP-activated MKK4-MPK3/MPK6 cascade (Kishi-Kaboshi et al. 2010) . Therefore, we expected the existence of conserved regulatory cis-elements in the promoters of these genes. To identify such conserved elements, we conducted a search using promoter sequences of 1,000 nucleotides upstream of each coding region, using MEME version 4.9.1 (http://meme-suite.org/tools/-meme (April 5, 2018, date last accessed) Bailey and Elkan 1994) , and found three short consensus sequences (6-10 bp) ( Fig. 1A ; Supplementary Table S1), which we designated MC1, MC2 and MC3 (MC: MAPK-inducible cinnamate/monolignol pathway). Among these consensus sequences, the MC1 sequence (CMCCAMCCMC; M = A/C) is most frequently found (from 28 genes; Supplementary Table S1) , and is contained in all the pathway genes which were induced by MKK4 DD (Fig. 1B) . Furthermore, MC1 is related to the H-box (CCTACC) (Arias et al. 1993) , the L-box (ACCWWCC; W = A/T) (Lois et al. 1989 ) and the AC-II element (ACCWACC) (Hatton et al. 1995) . These conserved sequences have been found in the promoters of many phenylpropanoid biosynthesis genes (Lois et al. 1989) . On the other hand, we did not find conserved cis-elements matching the MC2 sequence (GGAGRRRGDR; R = A/G, D = A/G/T). The MC3 sequence (CGRCSGCGMS; S = G/C) is related to the mutated GCC-box (GCCGDC; complementary to GVCGGC), which weakly binds to the ethylene-responsefactor 1 (ERF1) protein in vitro. In this study, we focused on the MC1 sequence, and analyzed transcription factors which are concerned with the regulation of cinnamate/monolignol pathway synthesis via the MC1 cis-element.
MYB30, MYB55 and MYB110 are induced by MKK4
The L-box-like elements are potential targets of some R2R3-type MYBs, as shown in our study of NtMYB2 (Sugimoto et al. 2000) and other reports on SG2-and SG3-type MYB genes including NtMYBJS1, PtMYB1, AtMYB58 and AtMYB63 (Patzlaff et al. 2003 , Galis et al. 2006 , Zhou et al. 2009 ). Therefore, in order to identify transcription factors that target the MC1 sequence, we first identified the rice homologs of these SG2-and SG3-type MYB transcription factors. We used these five MYB-encoded amino acid sequences as queries and found 10 rice homologs (Supplementary Table S2 ). Next, to identify the regulator of cinnamate/monolignol pathway genes downstream of the MAMP-responsive MAPK cascade, we reanalyzed the microarray data from our previous study using MKK4
DD -expressing rice cell lines (Kishi-Kaboshi et al. 2010) . We employed the transgenic cell line which is stably transformed with constructs containing the MKK4 DD or MKK4
WT gene in a glucocorticoid-inducible system. When treated with dexamethasone (DEX), the transgenic cell line transiently expresses the MKK4 DD or MKK4 WT gene. Four MYB genes, MYB30, MYB55, MYB104 and MYB110, were significantly induced in the cells expressing the MKK4 DD gene after treatment with DEX (Supplementary Table S3 ). Then, we performed quantitative reverse transcription-PCR (qRT-PCR) on these cell lines and found that in cell lines expressing MKK4 DD , the genes MYB30, MYB55 and MYB110 were indeed induced by DEX treatment, whereas this induction did not occur in cell lines expressing wild-type MKK4 (Fig. 2A) . The expression of MYB104 fluctuates and we did not find a clear induction of MYB104 gene expression in cells expressing the MKK4 DD gene, or in cells treated with chitin elicitor (Supplementary Fig. S1 ). Therefore, we focused on the three MYB genes MYB30, MYB55 and MYB110 for further analyses. These three genes encode SG2-type MYB transcription factors ( Supplementary Fig. S2 ).
MYB30, MYB55 and MYB110 are induced by a MAMP and by blast inoculation
We next confirmed that the expression of MYB30, MYB55, and MYB110 genes is induced by MAMP treatment using the chitin elicitor, which is a fungal MAMP. We performed qRT-PCR to evaluate the expression of these MYB genes. As expected, MYB30, MYB55 and MYB110 were significantly induced by chitin elicitor treatment (Fig. 2B) . However, the timing differed among the three genes; expression of both MYB30 and MYB55 increased after 1 h of elicitor treatment whereas expression of MYB110 reached a maximum after 6 h. The MYB30 gene showed the greatest increase in expression relative to the EF1 control. We also performed qRT-PCR to evaluate the expression of these MYB genes after inoculation of blast fungus (P. oryzae pv. oryzae). The expression of all three MYB genes also increased in rice leaf blades 3 d after inoculation with both compatible and incompatible strains (Fig. 2C) . These results confirmed that the three genes MYB30, MYB55 and MYB110 are induced during defense responses in planta.
MYB30, MYB55 and MYB110 bind the MC1 motif and trans-activate cinnamate pathway gene promoters
We used electrophoretic mobility shift assays to test the ability of the MYB proteins encoded by MYB30, MYB55 and MYB110 to bind directly to the MC1 motif. The gene sequences were cloned into an expression vector to produce glutathione Stransferase (GST) fusion proteins. The GST-fused MYB proteins were incubated with fluorescently labeled MC1 probe, with or without non-labeled oligonucleotides containing the MC1, MC2 or MC3 DNA sequences as competitors. Incubation with GST alone did not affect the mobility of the MC1 probe, whereas all three GST-MYB proteins hindered its mobility (Fig. 3A) . The addition of excess unlabeled MC1 oligonucleotides effectively competed with binding of the labeled probe to the MYB proteins, and this did not occur with unlabeled MC2 and MC3 oligonucleotides. Thus, all three MYB proteins specifically bind to the MC1 motif.
Next, we assessed the ability of each MYB protein to transactivate a luciferase (LUC) reporter gene driven by a promoter containing the MC1 motif. An effector plasmid was constructed with each MYB gene or control -glucuronidase (GUS) gene under the control of a maize ubiquitin promoter, and a reporter plasmid was constructed with the LUC gene driven by each of the indicated promoters (Fig. 3B) . The effector, reporter and reference plasmids were bombarded into rice leaf sheaths. We found that each MYB protein clearly trans-activated the construct containing two copies of the MC1 motif and the minimal Cauliflower mosaic virus (CaMV) 35S promoter (Fig. 3C) . We next evaluated whether the native promoters of the EPSPS and PAL1 genes are targeted by these MYB proteins. EPSPS and PAL1 encode enzymes in the shikimate and phenylalanine metabolic pathways and contain three and five MC1 motifs, respectively ( Fig. 3B ; Supplementary Table S1 ). The MYB30 and MYB110 proteins significantly trans-activated LUC reporter constructs driven by the EPSPS and PAL1 promoters, and the MYB55 protein significantly trans-activated the PAL1-LUC reporter construct (Fig. 3D) . Therefore, we concluded that MYB30, MYB55 and MYB110 target the MC1 motifs of genes in the shikimate and cinnamate/monolignol pathways.
MYB30, MYB55 and MYB110 selectively activate shikimate and cinnamate/monolignol pathway genes
We analyzed genes targeted by the MYB transcription factors using calli that were stably transformed with constructs containing each MYB gene and a glucocorticoid-inducible system containing a chimeric transcriptional activator (Gal4 DNAbinding domain, VP16 activation domain and the glucocorticoid receptor domain; GVG). These transgenic constructs were named GVG-MYB30, GVG-MYB55 and GVG-MYB110. Expression of each MYB gene was induced by the application of DEX in the medium. DEX treatment for 4 h induced expression of the MYB transgenes, and the induced expression of one MYB transgene had no effect on the expression of the other endogenous MYB genes ( Supplementary Fig. S3 ). We analyzed genome-wide transcriptional changes in both DEX-and ethanol-treated cells. Expression of genes in the cinnamate/monolignol pathway and the shikimate pathway were greatly induced in all GVG-MYB lines (Supplementary Table S4 ). On the other hand, very few of the diterpenid phytoalexin pathway genes, which are also induced by MKK4-MPK3/MPK6 (Kishi-Kaboshi et al. 2010), were severely affected (Supplementary Table S5) . Therefore, MYB30, MYB55 and MYB110 preferentially induce the shikimate and cinnamate/monolignol pathway genes that are regulated downstream of the MKK4-MPK3/MPK6 cascade ( Supplementary Fig. S4 ).
We then confirmed the expression of shikimate and cinnamate/monolignol pathway genes by qRT-PCR (Table 1; Fig. 3 The MYB30, MYB55 and MYB110 proteins bind to the MC1 motif and trans-activate promoters containing the motif. (A) The MYB proteins bind directly to the MC1 sequence. GST-tagged recombinant proteins were incubated with a fluorescently labeled MC1 probe. Unlabeled DNA oligonucleotides were used at 20-fold (+) and 100-fold (++) molar excess compared with the labeled probe. S, single-stranded DNA containing the MC1 sequence; C, protein-probe complex; F, free probe. The MC1 probe contains three repeats of the MC1 sequence. Competitors contain two repeats of each motif sequence. (B) Constructs used for the trans-activation assays. The effector, reporter and reference plasmids were bombarded into rice leaf sheaths. The ratio of LUC activities (firefly LUC/Renilla LUC) was calculated to normalize each assay. The MC1 sequences in each promoter are shown. rLUC, Renilla LUC. (C and D) The MYB proteins trans-activate a promoter containing the MC1 motif (C) and the promoters of the PAL1 and EPSPS genes (D). The values represent LUC/rLUC activity ratios. Bars represent means, and error bars indicate the SD (n = 3). Bars with different lower case letters are significantly different (P < 0.05) according to the Tukey-Kramer test. HCT and CCoAOMT-1) were induced by DEX treatment of GVG-MYB55 and GVG-MYB110 cells, and two genes (OsSK2 and CCR20) were induced only in the GVG-MYB110 cells. Two essential genes for monolignol synthesis, F5H and CAD2, and two other minor genes, CSE and SALDH, were not induced by DEX treatment. In summary, the genes encoding all enzymes in both the shikimate and cinnamate/monolignol pathways, apart from CAD2, F5H, CSE and SALDH, were induced by at least one of the MYB genes (Table 1; Fig. 1B ). This indicates that most of the cinnamate/monolignol pathway genes are targeted by the three MYBs. MC1-like sequences are found in the promoters, coding regions or introns of all the induced genes ( Table 1) .
NOMT and OASA2 are indispensable for branching to other related pathways and are induced by MKK4 DD expression ( Fig. 1B; Supplementary Table S6 ), and these genes did not respond to MYB gene induction (Supplementary Fig. S5A ). NOMT is a key enzyme in biosynthesis of the sakuranetin flavonoid (Shimizu et al. 2012) . OASA2 is important for tryptophan synthesis and is induced by Bipolaris oryzae inoculation (Ishihara et al. 2008 ). Other MAMP-responsive genes that are involved in diterpene phytoalexin biosynthesis, including KSL7 and the PR genes PR1a and PR10a, were not stimulated ( Supplementary Fig. S5B ). These results suggest that MYB30, MYB55 and MYB110 selectively induce the expression of cinnamate/monolignol pathway genes.
To confirm whether MYB30, MYB55 and MYB110 mediate the MAMP signal to direct cinnamate/monolignol synthesis, we attempted to grow transgenic rice plants with simultaneously repressed expression of MYB30, MYB55 and MYB110. Because these MYB proteins function similarly (Table 1) , we expected that the impacts of single or double gene knockdowns would be masked by the other MYB proteins. There were no available Tos17 mutant lines for any of these MYB genes (https://tos.nias. affrc.go.jp/index.html.ja). We made two different types of RNA interference constructs that were driven by the maize ubiquitin promoter, one with conventional hairpin structures and the other designed to make artificial microRNA (Supplementary Appendix S1). We obtained 25 transgenic plants with hairpin structures and 34 plants with artificial microRNA. However, no plants showed reduced expression (less than half the normal expression level) of all three MYB genes. Therefore, we could not evaluate the direct effects of these MYB genes after induction by the defense signal.
MYB30, MYB55 and MYB110 induce the accumulation of ferulic acid in planta
To confirm that the cinnamate/monolignol metabolic pathway is activated in planta, we produced and analyzed two or three independent rice lines transformed with each of the GVG-MYB constructs. These transgenic plants express their MYB transgenes in response to treatment with DEX. Five-day-old seedlings were grown in DEX-containing medium for 2 d. Expression of the MYB transgenes and the endogenous PAL1 and 4CL3 genes was induced by DEX in both the roots and the leaf blades ( Supplementary Fig. S6 ). We used phloroglucinol to stain the hydroxycinnamaldehydes in these GVG-MYB seedlings. Hydroxycinnamaldehydes are monolignol precursors that consist of p-coumaraldehyde, coniferaldehyde and sinapaldehyde (Fig. 1B) . The GVG-MYB seedlings showed red staining, especially in the roots, whereas seedlings transformed with empty vector did not (Fig. 4A) . Very slight phloroglucinol staining could also be seen in the leaf sheaths of the GVG-MYB55 transgenic seedlings.
Next, we analyzed the lignin accumulation in leaf blades of 3-to 4-week-old GVG-MYB rice plants. The PAL1 and 4CL3 genes were induced by DEX treatment in the leaves of these plants ( Supplementary Fig. S7 ). We analyzed the levels of thioglycolic acid-extractable-(TGA) lignin in the leaves, and found that although the TGA-lignin accumulated to higher levels in GVG-MYB55 rice than in other plants, the levels of accumulation were not significantly different from those of the controls (Fig. 4B) . We then assessed the accumulation of cinnamate/monolignol pathway compounds in DEX-treated GVG-MYB rice leaf blades using gas chromatography-mass spectrometry (GC/MS). In this analysis, two characteristic peaks were obtained from the GVG-MYB55 samples. The retention time and MS spectrum of one peak were identical to those of FA ( Supplementary Fig. S8 ). No obvious peaks corresponding to tcinnamic acid, p-coumaric acid, caffeic acid or sinapic acid were detected under the same analytical conditions. Both free FA and glycosylated FA (FAG) accumulated in DEX-treated GVG-MYB55, GVG-MYB30 and GVG-MYB110 leaves, with the highest levels in GVG-MYB55 plants (Fig. 4C) . The FA level in the GVG-MYB55 plants was significantly higher than that in the controls. These results indicate that the induction of these MYB genes triggers the activation of the cinnamate/monolignol pathway, leading to accumulation of lignin precursors and FA.
It has been reported that FA inhibits the growth of Dekkera yeasts (Harris et al. 2010 ) and the germination of fungal spores (Lanoue et al. 2010 ). However, there have been no reports on the function of FA in defense against pathogens in rice. We tested the in vitro inhibitory effect of FA and other phenolic acids on P. oryzae. We found that 2 h after FA treatment, spore germination rates were reduced from nearly 80% to 30% compared with controls (Fig. 4D) . Since FA is accumulated in rice cell walls (Yokoyama and Nishitani 2004) , it is possibile that FA accumulation retards the propagation of P. oryzae.
Induction of MYB30, MYB55 and MYB110 enhances resistance against compatible pathogens in rice
We next determined whether the induction of these MYB genes affected resistance to pathogens. GVG-MYB rice plants at the six-leaf stage (4 weeks old) were supplied with DEX in their water, and then inoculated with compatible strains of either the blast fungus P. oryzae or the bacterial leaf blight pathogen Xoo. The plants were examined at 10 days post-inoculation (d.p.i.). In all of the GVG-MYB rice plants, the blast-inoculated leaves showed smaller lesions than plants transformed with the empty vector or non-transformed control plants (Fig. 5A) . We then used quantitative PCR to assess the accumulation of P. oryzae 28S rDNA (Qi and Yang 2002) in the leaves of plants at 6 d.p.i, and found that the quantity of P. oryzae DNA was significantly lower in the GVG-MYB plants than in the negative controls (Fig. 5B) . The GVG-MYB plants used for this analysis showed elevated levels of their corresponding MYB transcripts ( Supplementary Fig. S9 ). We also used a GVG-MYB plant (NE), which showed no detectable transgene expression, as an additional negative control. Thus, we found that robust expression of the MYB genes confers resistance to P. oryzae.
The GVG-MYB transgenic plants also exhibited resistance to Xoo. While leaves of control rice plants inoculated with Xoo became blighted, the leaves of GVG-MYB plants remained green at 2-3 weeks post-inoculation (Fig. 5C) . Therefore, increased expression of the MYB30, MYB55 and MYB110 genes enhances resistance against P. oryzae and Xoo. In this experiment, the control and GVG-MYB plants were treated with DEX for 2-3 weeks, beginning 1 d before inoculation. Interestingly, we noted that the youngest leaves of all the GVG-MYB plants, whether or not they had been inoculated with Xoo, were stunted when compared with DEX-treated Nipponbare (NB) and empty vector controls ( Supplementary  Fig. S10 ). These leaves emerged after the beginning of the DEX treatment. This suggested that prolonged overexpression of the MYB genes affected the normal growth of the rice plants.
Discussion
Activation of the cinnamate/monolignol pathway after MAMP treatment has been observed in several plant species (Bolwell et al. 1985 , Bruce and West 1989 , Dalkin et al. 1990 , Campbell and Ellis 1992 . However, the transcription factors that control all the cinnamate/monolignol pathway genes in MTI, and their regulatory mechanism in planta, are as yet poorly understood. In this study, we identified three MYB transcription factors, MYB30, MYB55 and MYB110, and showed that these MYB genes are up-regulated by a pathogen, a MAMP and a MAMP-responsive MAPK cascade (Fig. 2) . In addition, we showed that induced expression of the MYB genes activated a series of shikimate and cinnamate/monolignol pathway genes (Table 1; Supplementary Fig. S4 ) and induced the accumulation of hydroxycinnamaldehydes and FA in planta (Fig. 4) . Furthermore, the inducible expression of these genes in rice plants conferred resistance to fungal and bacterial pathogens (Fig. 5) . These results provided strong evidence that these MYBs are important transcription factors that connect the signaling pathway between MAMP perception and cinnamate/ monolignol synthesis.
Expression of MYB30, MYB55 and/or MYB110 selectively induced expression of many cinnamate/monolignol pathway genes in calli ( Table 1 ; Supplementary Figs. S4, S5 ). All of the induced genes contained MC1-like sequences. However, CAD2 was not induced even though it contains a MC1-like sequence. This suggests that the existence of MC1-like sequences is necessary but not sufficient for transcriptional activation via expression of these MYB genes. In addition, some of the cinnamate/monolignol pathway genes, F5H, CSE and SALDH, which did not contain MC1-like sequence in their promoter were also not induced by MYB expression. It is possible that another motif would participate in the transcriptional regulation of these genes. We expect that other co-operative or competitive mechanisms might exist for the transcriptional induction of these genes and for lignification in rice. Indeed, lignin accumulation is tightly controlled at the organ level by multiple regulators (see review by Zhao and Dixon 2011) .
We found that the levels of FA and FAG were elevated in leaves of the DEX-treated GVG-MYB plants, and were significantly higher than controls in the GVG-MYB55 plants. It is known that rice and other grasses accumulate FA in their cell walls (see review by Yokoyama and Nishitani 2004) . FA inhibits growth of eukaryotic microbes (Harris et al. 2010 , Lanoue et al. 2010 ) and its derivatives have antibacterial activity (Ergün et al. 2011) . We found that the germination rates of P. oryzae spores were reduced after FA treatment (Fig. 4D) . Therefore, it is possible that FA functions as an antimicrobial compound in rice leaves, in addition to its role in fortifying the cell walls.
We have shown that MYB gene expression contributes to defense against two different types of pathogens. Pyricularia oryzae penetrates epidermal cells and spreads infectious hyphae to surrounding cells (see review by Wilson and Talbot 2009) . Xoo enters rice leaves at the leaf tip and leaf margin, multiplies in the intercellular spaces and then enters and spreads throughout the plant via the xylem (see review by Nino-Liu et al. 2006) . The enhancement of defense against these two pathogens by MYB30, MYB55 and/or MYB110 suggests that the activation of the cinnamate/monolignol pathway leads to the fortification of the basic defense system. The enhanced resistance in GVG-MYB transgenic rice plants could be dependent on the accumulation of FA or other unidentified cinnamate/monolignol-derived materials, e.g. feruloylserotonin accumulates in rice leaf after the inoculation of Bipolaris oryzae and of P. oryzae (Ishihara et al. 2008 ). Alternatively, it is possible that the induction of the cinnamate/monolignol pathway further leads to activation of multiple defense responses. On the other hand, we found that prolonged expression of any one of these three MYB genes resulted in severe growth delays (Supplementary Fig. S10 ). This suggests that prolonged activation of the cinnamate/ monolignol pathway deflects resources from normal plant growth, and that the expression of the MYB genes is restricted under normal conditions to prevent growth defects.
MYB30, MYB55 and MYB110 are members of the SG2-type R2R3-MYB transcription factors (Supplementary Fig. S2 ). Several SG2-type MYB members, NtMYB1, AtMYB13, AtMYB14 and AtMYB15, are transcriptionally induced after pathogen infection (Yang and Klessig 1996 , AbuQamar et al. 2006 , Thilmony et al. 2006 . Recently, AtMYB15 has been reported to regulate the accumulation of defensive lignin (Chezem et al. 2017) . AtMYB15 induces the expression of CAD and CSE but not COMT. In contrast, MYB30, MYB55 and MYB110 could induce COMT but not CSE or CAD. In addition, constitutive expression of AtMYB15 does not show enhanced resistance against Pseudomonas syringae (Chezem et al. 2017) . These reports, along with the data presented here, suggest that the role of SG2-type MYB proteins in the transduction of MAMP signals to activate the cinnamate/monolignol pathway is conserved beyond plant species; however, the downstream targets of the MYBs would be differently regulated. This may be an important factor determining what kinds of second metabolites are induced in the MTI responses of individual plant species.
While overexpression of AtMYB15 resulted in lignin accumulation in Arabidopsis, induction of MYB30, MYB55 and MYB110 did not accumulate lignin (Fig. 4B) . In rice, FA is an important constituent of the cell wall (de Oliveira et al. 2015) , and FA derivatives are induced in the defense response (Ishihara et al. 2008) . Therefore, we speculate that the use of FA is highly developed in rice and that this makes the GVG-MYB rice leaves accumulate FA rather than lignin. The biosynthetic pathway of FA and FA derivatives in rice has not been clearly elucidated. Our findings that MYB30, MYB55 and MYB110 could induce the cinnamate/monolignol synthesis pathway would be important to analyze the FA synthesis pathway and contribute to elucidation of the rice defense mechanism.
Materials and Methods
Identification of DNA motifs
To identify cis-regulatory elements in shikimate and cinnamate/monolignol pathway genes, we conducted a search using promoter sequences of 1,000 nucleotides upstream of each coding region, using MEME version 4.9.1 (http://meme-suite.org/tools/meme (April 5, 2018, date last accessed)) (Bailey and Elkan 1994) . MEME was run with a minimum width of six and maximum width of 10 nucleotides, and any number of repetitions per sequence was allowed. Similarity to known motifs was assessed using TOMTOM (http://meme-suite.org/tools/tomtom (April 5, 2018, date last accessed)) (Gupta et al. 2007 ) against the JASPAR CORE (2014) plant database (P < e-03). The numbers of MC1 sequences in the 1,000 bp promoters and in the whole coding regions were examined using the Motif Alignment and Search Tool (MAST) (http://meme-suite.org/tools/mast (April 5, 2018, date last accessed)) and are shown in Supplementary Table S1 (P < 0.0001). All sequences were obtained from the RAP database (http://rapdb.dna.affrc.go.jp/ (April 5, 2018, date last accessed)).
Punch inoculation of rice leaf blades
We used O. sativa L. cv. Nipponbare for all experiments unless otherwise indicated. Conidia of the blast fungus (P. oryzae pv. oryzae) were suspended in 0.01% Tween-20 at a density of 2.0Â10 5 conidia ml -1
. The compatible strain was Kyu89-246 (MAFF101506; race 003.0) and the incompatible strain was Kyu77-07 A (race 102.0). Germinated seedlings were transplanted into soil and grown in a greenhouse at 28/23 C (day/night). Fully expanded leaf blades from 4-to 5-week-old rice plants at the six-leaf stage were laid flat in a plastic tray. Inoculations were performed on press-injured spots of 2.0 mm diameter made with a specially designed pressing machine (Fujihara Co.). Each press-injured area was wrapped in two layers of filter paper soaked with blast spore suspension. The inoculated leaves were incubated at 25 C for 3 d, and leaf segments of 7.0 mm length surrounding the inoculation spots were used for RNA analysis.
Cell culture treatments
Calli were generated from seed scutella and cultured in N6D liquid medium: 30 g l -1 sucrose, 0.3 g l -1 casamino acids, Chu (N6) Medium Salt Mixture (Wako Pure Chemical Industries), 2.878 g l -1 proline, 2 mg l -1 glycine, N6-vitamins and 2 mg l -1 2, 4-dichlorophenoxyacetic acid (pH 5.8), at 25 C. The cells were subcultured in fresh medium every 7 d. For elicitor treatments, the cells were subcultured for 3 d in fresh medium then transferred to 2 ml plastic tubes containing 0.5 ml of fresh medium and maintained in suspension for 18 h at 25 C with gentle shaking at 100 r.p.m. The chitin elicitor (N-acetylchitooctaose) was prepared by re-N-acetylation of the chitosan oligosaccharide (Yaizu Suisan Kagaku Industrial Co. Ltd.) , and used at a final concentration of 1 mg ml -1 .
Incubations with shaking were continued for various lengths of time following addition of the elicitor. The analysis of cells expressing MKK4 DD under a DEX-inducible promoter was performed as described previously (Kishi-Kaboshi et al. 2010) . For analyses of calli transformed with GVG-MYB30, GVG-MYB55, GVG-MYB110 or the empty vector, calli were cultured at 25 C on N6D plates solidified with 0.4% gelrite. The calli were then transferred to 2 ml plastic tubes and maintained as described for the elicitor-treated calli. DEX was used at 10 mM. Transcript levels were quantified 4 h after DEX application to avoid the effects of phenylpropanoid metabolic changes induced by MYB induction.
RNA analysis
Total RNA was isolated from rice tissues using Isogen (Nippongene) and digested with RNase-free DNase (Qiagen). For qRT-PCR, first-strand cDNA was synthesized with oligo(dT) primers (Toyobo) using ReverTra Ace reverse transcriptase (Toyobo). qRT-PCRs were performed using a KAPA SYBR FAST Universal qPCR Kit (KAPA Biosystems) and run on a Thermal Cycler Dice TP800 system (TAKARA BIO INC.). The primers are listed in Supplementary  Table S7 .
A microarray analysis was performed using cells transformed with each GVG-MYB construct and the vector control. Total RNA was purified using an RNeasy for plants kit (Qiagen) . The quality of the RNA samples was confirmed using an Agilent 2100 Bioanalyzer (Agilent Technologies). Total RNA (400 ng) was labeled with cyanine-3 (Cy3)-CTP (RNA from DEX-treated cells) or cyanine-5 (Cy5)-CTP (RNA from ethanol-treated cells) using a Quick Amp Labeling Kit (Agilent Technologies). The labeled cRNAs were fragmented and hybridized at 65 C for 17 h on slides containing the rice 4Â44 K microarray (Agilent; G2519F#15241) according to the manufacturer's instructions. Slides were scanned using a G2505B DNA microarray scanner (Agilent Technologies), and background correction of the raw Cy-3 and Cy-5 signals was performed using the Agilent Feature Extraction software (version 10.5.1.1). All microarray data were normalized using the Subio software. The microarray data were deposited in the Gene Expression Omnibus (GEO) database (accession No. GSE77912).
Plasmid construction
The MYB30, MYB55 and MYB110 sequences were amplified by PCR using the primers listed in Supplementary Table S7 , and subcloned into pENTR/D-TOPO (Invitrogen). To generate GST-tagged protein expression vectors, the MYB sequences were cloned into the pDEST15 bacterial expression vector (Invitrogen).
We used the binary vector pEASY-DEX2 (a gift of M. Yamazaki) to generate DEX-inducible MYB expression vectors. pEASY-DEX2 was constructed using pINDEX2, which harbors the chimeric transcriptional activator GVG. GVG consists of the yeast Gal4 DNA-binding domain, the VP16 activation domain, the glucocorticoid receptor domain and the 4UAS sequence (Ouwerkerk et al. 2001) . pEASY-DEX2 contains the gateway reading frame cassette A (Invitrogen), with attR recombination sites flanking a ccdB gene and a chloramphenicol resistance gene, downstream of the 4UAS sequence. To create pEASY-DEX2, pINDEX2 was digested with SpeI and XhoI and then ligated with the gateway reading frame cassette A. The MYB sequences were cloned into pEASY-DEX2 using the LR clonase reaction.
To create effector plasmids for the trans-activation assays, each MYB gene was cloned into pUCAP/Ubi-NT (Shimono et al. 2007 ). The GUS reporter gene was also cloned into the same plasmid. The genes were driven by the maize ubiquitin promoter. We created the reporter plasmids for the trans-activation assays using the vector pAN32 (a gift of A. Nakayama), which contained the CaMV 35S minimal promoter (-46), the firefly LUC reporter gene and the Nos terminator in a pUC background. pAN32 was cut with HindIII and EcoRV, and ligated with an oligo fragment containing two MC1 sequences, or with the PCRamplified PAL1 or EPSPS promoters.
Electrophoretic mobility shift assays
GST and GST-MYB proteins were purified using glutathione Sepharose 4B beads (GE Healthcare, www.gehealthcare.com) according to the manufacturer's instructions. The amounts of protein were assessed and adjusted using SDS-PAGE followed by Coomassie Brilliant Blue staining.
The GST-fused MYB proteins were incubated with a Cy3-labeled MC1 oligonucleotide probe (purchased from Fasmac; www.fasmac.co.jp) with or without non-labeled oligonucleotide competitors. The probe and competitor sequences are indicated in Supplementary Table S7 . The amounts of competitors were 20 or 100 pmol. The reaction mixtures included 1 pmol of Cy3-labeled probe, 150 ng of GST-MYB protein, 1 mg of bovine serum albumin (BSA) and 0.5 mg of poly(dI-dC) in a buffer containing 25 mM HEPES (pH 7.5), 8.9% glycerol, 1 mM EDTA, 50 mM KCl and 1 mM dithiothreitol (DTT). The reactions were incubated at room temperature for 30 min, then run on a 4.5% polyacrylamide gel. DNA-protein interactions were detected using a LAS-3000 image analyzer (Fujifilm).
Trans-activation assays
Inner leaf sheaths of 3-week-old rice plants were cut into 10 mm sections and placed on 0.5% agar plates (24 sections per plate) containing 0.4 M mannitol. Gold particles coated with 0.25 mg of effector, 3 mg of reporter and 0.1 mg of reference plasmid were introduced into the rice leaf sheaths using a PDS-1000/ He Biolistic particle delivery system (Bio-Rad). The GUS effector was used as control and to adjust the total plasmid amount. A plasmid containing the Renilla LUC gene driven by the CaMV 35S promoter (Promega, www.promega.com) was used as the reference plasmid. After incubation for 16 h at 25 C, samples were collected and ground in liquid nitrogen. Luciferase activities were assayed with the DualGlo Luciferase Reporter Assay System (Promega). The ratio of LUC activities (firefly LUC/Renilla LUC) was calculated to normalize each assay.
Generation of transgenic plants
GVG-MYB constructs were introduced into rice by Agrobacterium tumefaciensmediated transformation using the A. tumefaciens strain EHA105 (Toki et al. 2006) . The GVG-MYB transgenic seeds were sown on Murashige and Skoog (MS) agar plates.
Growth and histochemical staining of GVG-MYB rice
Rice seeds were sterilized, sown under aseptic conditions on MS medium plates containing 0.2% gellangum, and incubated at 25 C under a 16 h light/8 h dark cycle.
For histochemical analysis, 4-day-old seedlings were then transferred to liquid MS medium and incubated for 1 d. DEX was applied at 10 mM, then the plants were grown for 2 d under light at 25 C. Histochemical analysis of the lignin precursor, hydroxycinnamaldehyde, was performed by phloroglucinol staining. Seedling roots were incubated for 15 min in a phloroglucinol solution (2% in 95% ethanol), treated with 6 N hydrogen chloride for 5 min and directly photographed using a color digital camera. Aerial parts of seedlings were detached from the roots, incubated for 1 week with gentle shaking in a phloroglucinol solution to remove color and then treated as described for the roots.
For the analysis of young plants, germinated GVG-MYB and control seedlings were transplanted from MS plates to soil and grown in a greenhouse at 30/ 24 C (day/night) for 3-4 weeks, until they reached the six-leaf stage. DEX was used at 10 mM and applied to the water surrounding the soil.
Quantification of TGA-lignin
The sixth leaf blades of young plants were frozen with liquid nitrogen, ground into a powder and extracted with 80% acetone/20% 50 mM anhydrous citric acid. The liquid extracts were used for soluble phenolic compound measurements as described below, and the solid residues were used for TGA-lignin measurements. The TGA-lignin was extracted and quantified as described previously (Suzuki et al. 2009 ). Absorbance at 280 nm was determined using a spectrophotometer (SmartSpecPlus, Bio-Rad) and revised according to the dry cell wall weights.
Measurement of phenolic compounds
The liquid extracts from the sixth leaf blades, described above, were used for soluble phenolic compound measurements using a method described previously (Seo et al. 1995 , Engelberth et al. 2003 , Seo et al. 2007 , with some modifications. b-Glucosidase (Sigma) was used for glycoside measurements, and all samples were methylated with diazomethane. GC/MS was performed using an Agilent 7890GC/5975MSD system (Agilent). The GC/MS SIM mode was performed by monitoring the mass-to charge (m/z) ratios of 153 and 120 for methyl-SA and 208 and 177 for methyl-FA. For more details, see Supplementary Appendix S1.
Analysis of pathogen resistance in GVG-MYB rice
For pathogen inoculations, germinated GVG-MYB and control seedlings were transplanted from MS plates to soil and grown in a greenhouse at 30/24 C (day/night) for 3-4 weeks to reach the six-leaf stage. DEX was used at 10 mM and applied to the water surrounding the soil. The next day, the plants were inoculated with pathogens by spraying on the whole plants. Conidia of the compatible blast fungus (Kyu89-246) were suspended in 0.01% Tween-20 at a density of (1-2)Â10 5 conidia ml -1 . The bacterial Xoo strain T7133 was suspended in 0.01% Tween-20 to an optical density of 0.02 at 600 nm, which was measured using a nanodrop ND-1000 (Thermo Fisher Scientific Inc.). Inoculated plants were incubated in a dew chamber for 20 h at 25 C, then transferred to a greenhouse for examination of disease symptoms. The amount of P. oryzae DNA was quantified by quantitative PCR using P. oryzae genomic 28S rDNA (Qi and Yang 2002) .
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Supplementary data are available at PCP online. 
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